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The measurements of the partial decay-widths and forward-backward asymmetries for
Z ! b





pair and the heavy
quarks in the nal state.
The four LEP detectors have registered about four million hadronic Z decays each and
SLD at SLC has recorded 300000 Z decays with highly polarised electron beams. The high
statistics as well as the good tracking, vertexing and particle identication capabilities of
the detectors allow high precision measurements of these quantities.
The measurements of the electroweak observables with heavy quarks are reviewed.
The results of the dierent analyses are combined and interpreted within the framework
of the Standard Model of electroweak interactions. In all cases good agreement with the
Standard Model predictions is found, severely limiting the room for modications of these
quantities from new physics.
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1 Introduction




colliders LEP at CERN and SLC at SLAC is the test of the
Glashow Salam Weinberg Model of electroweak interactions [1], which will be referred to as the
Standard Model (SM) in this paper. In the past this model has described all eects successfully,
however the precision of earlier experiments was such that Born level calculations were sucient.
LEP and SLC measure for the rst time electroweak observables with an accuracy that makes
loop corrections necessary, so that the Standard Model is tested as a quantum theory.
From 1989 to 1995 LEP has run at centre-of-mass energies close to the mass of the Z boson
1
.
About four million Z-decays have been observed by each of the four experiments. The beam
energy can be measured to a precision of a few MeV as a consequence of the circular geometry
of the accelerator. The LEP experiments have thus been able to measure the mass and width





with good accuracy. Since 1996 LEP is running at higher energies, above the
threshold for W pair production. Apart from a precision measurement of the W mass, the
main emphasis of this run is a Born level test of the vector boson self-couplings and the search
for new particles, especially the Higgs boson. First results at these energies are available [2,3],
however, they will not be included in this review.
SLC, running also close to the Z pole, has delivered about 300000 Z-decays until the end of
1997 to its one experiment, SLD. Using the linear collider technology it is possible to polarise
the electron beam to up to 80%. This allows a clean separation of initial state and nal state





Electroweak results at LEP with particular emphasis on the Z lineshape and leptonic ob-
servables have been recently reviewed in [4]. At LEP and SLD, b- and c-quarks can be tagged
with high eciency and purity so that additional observables with identied c- and especially
b-quark nal states are accessible. The b-quark is the isospin partner of the heavy top quark.
This makes eects visible in the Zb

b vertex which are not present in other observables. This
vertex can be tested by measuring the partial decay width of the Z decaying into b

b. On the
contrary, in the forward backward asymmetry for b-quarks at LEP the sensitivity to the nal
state couplings is heavily suppressed, so that it turns out to be one of the most sensitive tests
of the Z couplings to leptons.
This article will review the LEP and SLD precision tests of the Standard Model using
heavy avour observables. After a general introduction and denition of the observables the
measurements will be described in detail and the results will be interpreted within the Standard
Model of electroweak interactions.
2 Electroweak Observables with Heavy Quarks





-annihilation, generally four quantities can be measured for any given fermion, namely
the total cross section, the forward backward asymmetry, the nal state polarisation and its
forward-backward asymmetry. The two latter are not accessible for quarks since strong de-
cays conserve parity and weak decays in general occur from scalar meson states, therefore
destroying the polarisation information. If initial state beam polarisation is available, addi-
1
Throughout this paper the convention h = c = 1 will be used.
1
tional information can be obtained by measuring these quantities separately for the dierent
beam polarisations.
The measurements discussed here are all performed close to the top of the Z-resonance
where the Z-exchange (see gure 1) contributes more than a factor 100 more to the total cross
section than photon exchange. In addition, exactly at the Z-mass, the Z-exchange amplitude is
purely imaginary, so that the  Z interference term vanishes. For these reasons, processes will
in the following be treated as being pure Z-exchange where small corrections for -exchange


















! ff (f 6= e) for massless
fermions and unpolarised beams at a centre of mass energy
p





























































denote the mass and width of the Z respectively, G
F
the Fermi coupling
constant measured in -decays [6] and cos  the polar angle of the fermion f with respect to the
incoming electron direction. The colour factor N
f
C






















is the third component of the weak isospin and q
f
the charge of the fermion f. 
W



































































































































can also be measured where 
L=R
denotes the total cross section for left/right-
handed electrons. A
LR




, independent of the nal state.
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Apart from corrections for photon exchange and  Z interference, three dierent types of
radiative corrections have to be applied to the Born-level formulae described above:
 photonic corrections;
 nal state QCD corrections;
 genuine electroweak corrections.
Photonic corrections are obtained attaching photons at any possible place on the Born-level
diagrams, but by far the largest part is given by initial state radiation (ISR). These corrections
can be calculated reliably in QED, by folding a radiator function with the cross section at the
centre of mass energy after photon radiation, and they will not be discussed here any further.
It should be noted that at centre of mass energies close to the Z resonance the bulk of the
radiation is soft, so that the kinematics of the events are typically only minimally distorted.
Final state QCD corrections are, at rst order, given by gluons attached to the outgoing
quark lines. Their contributions to the total cross section are known to third order in the
strong coupling constant 
s
[8], and their main eect is to put an additional uncertainty on
the interpretation of  
Z
from the uncertainty in 
s
. Hard gluon radiation, however, seriously
distorts the kinematics of the events, inuencing the hadronic observables in a more subtle
way. These inuences can be calculated using exact second order QCD matrix elements or
parton shower Monte Carlo programs that also include hadronisation, like JETSET [9] or
HERWIG [10].
As an example, the forward backward asymmetry for massless quarks receives in rst order




) due to hard gluon radiation, if, as in the denition, the direction
of the quark is used. If however, as is closer to the experimental analyses, the direction of the




) [11]. In addition, the shape of the
angular distribution is modied and the size of the correction depends on the experimental
cuts. More details on this correction will be discussed in section 5.1.5.
The really interesting radiative corrections are the genuine electroweak corrections. Particles
being too heavy to be produced directly can still appear in loop diagrams so that their eect
may be visible in precision measurements of electroweak quantities. Close to the Z-resonance,
all diagrams that involve non-resonant massive particles are negligible, so that the only relevant
3
corrections are those to the Z-propagator and the Zff vertex. Examples of such corrections are
shown in gure 2. Due to this feature the electroweak radiative corrections can be parametrised









































If one assumes lepton universality, all leptonic observables at LEP and SLD can thus be







. In the quark sector, the b-quark has to be
separated from the others since it is the partner of the very heavy top quark, and thus receives
additional corrections like the one shown in gure 2 b) [13, 14]. Also, Higgs-like hypothetical
new particles couple proportionally to the fermion mass, breaking universality. For example,
in supersymmetric models graphs involving charged Higgses or charginos give a sizeable con-
tribution to the Zb

b vertex.







predicted by the Standard Model for dierent top and Higgs
masses. It can be seen that the dierences between the dierent avours remain constant apart




















































































as predicted by the Standard Model for dierent top and Higgs masses
(` = e; ; ; U = u; c; D = d; s).




is coming from light fermion loops which introduce a
running of the ne structure constant 
QED
. Due to the largeness of 
s
at low energy the
contribution from quark loops cannot be calculated reliably in perturbation theory but has




hadronic cross section using the optical theorem. In this report





) = 1=(128:896  0:090) [15] is used, where the assumed error introduces










become available that use perturbative QCD for energies above 1:7GeV, thus reducing the error
by about a factor of four [16, 17]. However, since the validity of these analyses is still under
discussion, the more conservative result will be used in this report.
4
2.3 Experimentally measured observables








are measured from an energy scan around the Z-pole [4]. The full information on the QQ (Q =
b; c) cross section can thus be retained if the ratio of the QQ to the total hadronic cross section











Experimentally this ratio is favoured since it is statistically and systematically uncorrelated
with the Z-scan observables. Theoretically it has the advantage that in the ratio most of the
QED-, QCD- and Z-propagator corrections cancel, so that only corrections to the ZQ

Q vertex
remain which cannot be tested by other means. The total corrections needed to go from the























mainly due to photon exchange.
Inside the Standard Model, R
c
is predicted with very small uncertainties, so that its mea-
surement directly tests the model. The predicted R
b
depends on the value of the top quark
mass, but for a top mass error of 5GeV the error on the prediction is less than a quarter of
the current experimental error. Outside the Standard Model, R
b
is especially interesting, as







, the forward-backward asymmetries at LEP are mainly sensitive to
the electron couplings A
e










is constant and small












































is suppressed by a





, so that also A
b
FB






appears only in loop diagrams.
The  Z-interference contribution to the forward backward asymmetries depends on the
axial vector couplings of the Z, which is, for the initial state electron, much larger than the
vector coupling. Thus A
FB
is modied signicantly if not measured exactly at the Z-pole [19].
For the same reason, ISR corrections, which correspond to an eective shift of
p
s, are also
sizable. The corrections needed to go from the asymmetries measured at
p
s = 91:26GeV to






are summarised in table 2. It should be noted that the
axial couplings vary much less than the vector couplings: e.g. if the top-quark mass is varied






by about 10%, all numbers in table 2
stay constant within the precision quoted.
The left-right-forward-backward asymmetries measured by SLD are predicted essentially
without uncertainty by the Standard Model, and contain no additional information if new
physics is only present in loop diagrams. However, if new physics exists on the Born level,
e.g. like a heavy Z
0




without uncertainties due to
unknown Standard Model parameters [20].
All quantities of interest including the full radiative corrections can be calculated using
analytical programs. For the results presented in this report the program ZFITTER [21] is
used. However several other programs exist that have been found to produce nearly identical

















QED corrections +0:0041 +0:0104
;  Z  0:0003  0:0008
Total +0:0025 +0:0062













. The term labelled \;  Z" also contains







































0:1722 0:0001 0 0
A
b
0:9343 0 0:0005 0:0002
A
c
0:6658 0:0006 0:0025 0:0008
Table 3: Standard Model predictions for the electroweak observables with quarks for dierent
input parameters.





storage rings LEP at CERN [24] and SLC at SLAC [25] were designed to accelerate
particles to centre of mass energies of larger than 90GeV to produce large samples of Z bosons.
LEP is a circular machine and delivered between 1989 and 1995 approximately four million
Z bosons to each of the experiments. Since 1996 it is running at higher energies to produce
W pairs and search for new particles. At LEP there are four large detectors, ALEPH [26, 27],
DELPHI [28, 29], L3 [30] and OPAL [31], all running since 1989.
SLC is a linear collider where electrons and positrons are accelerated in the same structure.
At the end of the linear accelerator (linac) they are guided through two dierent arcs and
brought into collision in one interaction region. Due to the linac technology, SLC is able to
produce polarised electron beams with about 80% longitudinal polarisation at the interaction
point. This allows additional observables to be measured, as explained in section 2. In addition,
the beam pipe inside the experiment and the size of the beam spot are both much smaller than
at LEP, which allows a more ecient tagging of b-quarks. Up to the end of 1997, SLD recorded
300000 Z bosons. However, in many analyses the small statistics is compensated by the beam
polarisation and the small beam and beampipe size.
SLC started in 1989 with an upgraded version of the Mark II detector [32]. However, since
no results of this detector are used here, it will not be described further. In November 1990
Mark II was replaced by the SLD detector [33] which is taking data since 1992.
All detectors are built with a more or less cylindrical symmetry around the beampipe and
have a solenoidal magnetic eld to measure charged particle momenta. Fig. 3 shows the
DELPHI detector as one example.
6
In all cases the beampipe is surrounded by several layers of very precise silicon detec-
tors [34{38] to measure secondary vertices and to tag Z ! b

b events. They are followed by a
set of gaseous drift chambers to measure the momenta of charged particles. The tracking system
is surrounded by the electromagnetic calorimeters. These detectors are split into a cylindrical
barrel and two plane endcaps. To improve the energy and position resolution all detectors apart
from OPAL have the electromagnetic calorimeters inside the coil. Behind the electromagnetic
calorimeters the experiments have the hadron calorimeters. Apart from L3, they consist of in-
strumentation inside the iron yoke that returns the magnetic eld. The detectors are completed
by another set of drift chambers outside the iron to identify muons.
Charged hadrons can be identied by the specic energy loss in the central drift chambers
in ALEPH, DELPHI and OPAL and with ring imaging Cherenkov counters in DELPHI and
SLD.









small angles for which the cross section can be calculated reliably in QED. The dierential cross
section is proportional to 1=
3
. For a high event rate it is thus important to measure at very
low scattering angles. To obtain a high precision on the luminosity, primarily a good denition
of the inner acceptance border is needed.
For these reasons, all experiments have a special electromagnetic calorimeter surrounding
the beampipe at distances of about 2m away from the interaction point. They typically cover
the angular range 30 to 180 mrad, resulting in visible cross sections of more than 40 pb.
Table 4 compares the performances of the ve experiments. For the physics discussed
here the performance of the detectors is similar with the exception of SLD's vertex detector
performance. Due to the small beampipe their extrapolation distance is much smaller than at
LEP, and due to the pointlike beamspot there is no need for a primary vertex t. In addition
the low repetition rate (120 Hz) of the linac allows the use of CCD pixel detectors, which cannot
be used at LEP with a 40 kHz bunch crossing rate.
3.1 Lepton identication
Muons are identied by the matching of a track in the inner tracking system with hits in
the Muon chambers. In ALEPH, DELPHI, OPAL and SLD the muon chambers are located
outside the solenoid and serve only as identication devices, while the L3 muon system is located
inside the coil and measures the muon momentum more precisely than the inner tracker. In
all cases, hadrons are absorbed in the electromagnetic and hadronic calorimeters which have
a total thickness of typically seven hadronic interaction lengths. The muon identication can
be improved by requiring that the energy deposit in the hadron calorimeter is consistent with
a minimum ionising particle. For a muon identication eciency of 85%, the misidentication
probability for charged hadrons is typically around 1%.












with  ! .
For the simulation of the hadron misidentication rate, a detailed understanding of the
development of hadronic showers is needed. For this all experiments use the GEANT detector
simulation package [39]. As an additional complication, the cross sections for interaction with






. The misidentication rate can, however, be measured

























Small Angle Tile Calorimeter

















Figure 3: The DELPHI detector at LEP.
ALEPH DELPHI L3 OPAL SLD
B-eld 1.5T 1.2T 0.5T 0.435T 0.6T
















































R IP resol. 25m 20m 30m 18m 11m
z IP resol. 25m 30m 30m 20m 22m
Table 4: Comparison of the performances of the LEP and SLC detectors. The numbers are
given for  = 90

including the latest upgrades. (IP = impact parameter)
8
Electrons are identied mainly by matching a charged particle track with a shower in the
electromagnetic calorimeter. The matching is done in space and energy, and the shower shape
has to be compatible with the one expected for electrons. Additional information can be
obtained from the specic energy loss (dE/dx) in the central tracking detectors. Combining
both methods, typical eciencies around 70% can be reached for misidentication probabilities
of a few permille. Both identication methods work better for isolated tracks, so that the
eciency and purity normally increases for tracks with large transverse momentum. Eciency
and background can be measured as for muons. Since the two electron identication methods
are independent, they can be calibrated by comparing the calorimetric and dE/dx response to
single tracks.
4 Flavour tagging methods
A couple of distinct features allow an ecient tagging of b and c quarks:
 Weakly decaying b- and c-hadrons have lifetimes of the order of picoseconds. Due to
their large boost they y around 1 mm before they decay and their decay particles can
be tagged by the silicon microvertex detectors.
 b- and c-hadrons decay semileptonically with branching ratios of about 10% per lepton
species.
 c-hadrons can be reconstructed fully in several decay modes with reasonable eciencies.
Since b-hadrons decay mostly via c-hadrons, this method tags b-quarks as well.
The separation of b- and c-quarks is done using the mass dierence between b- and c-hadrons
in the case of lifetime and lepton tags. The mass of the decaying particle is either estimated
directly or secondary features of the decay products like their transverse momentum, impact
parameter or multiplicity are used. In the case of full D reconstruction, the separation is either
done by the c-hadron energy or using other features of the event like lifetime.
Depending on the analysis the tagging can be done on the full event, a single hemisphere in
the event or a jet. Performing the tagging on the full event usually gives the best eciency for a
given purity. Separating the event into two hemispheres, usually with respect to the thrust axis,
and running the tagging algorithm separately on the hemispheres allows to extract the tagging
eciency directly from the data, as explained in section 5.2, or to analyse the hemisphere
opposite to the tagged one in an unbiased way. For some analyses, like the measurements of
gluon splitting rates, one even has to run rst a jet algorithm on all particles in the event and
then perform the tagging on the dierent jets.
4.1 Lepton tags
As mentioned above, b- and c-hadrons decay semileptonically with branching ratios of the order
of 10%. Due to momentum conservation the transverse momentum (p
t
) of the lepton with
respect to the b- or c-hadron direction is limited to half the hadron mass. Since the hadron
direction is typically well approximated by the direction of the jet containing the hadron, the
transverse momentum of the lepton with respect to the jet is a powerful separator between
leptons from b- and c-quarks. In addition, leptons from the decay chain b! c! ` have on
average a much smaller p
t




hadrons is typically only a few hundred MeV, so that a simple cut on p
t
provides a quite pure
b! ` sample.
On the other hand there is no region in p; p
t
where leptons from c ! ` decays are clearly
separated from b! c! ` and misidentied hadrons. However, when the shapes of the spectra
are known or when charm is enriched by other means, analyses on a statistical basis are possible.
As an example, gure 4 shows the p and p
t
spectra from L3 together with the Monte Carlo












































Figure 4: Muon momentum (p) and transverse momentum (p
t
) spectra for data and the Monte
Carlo predictions for the dierent sources obtained from L3.
OPAL uses an enhanced lepton tag including additional hadronic variables from the jet that
contains the lepton processed by a neural net [40]. The resulting network output for b ! `
and c ! ` decays is shown in gure 5. The improvement compared to the pure lepton tag is
modest for b! `, but quite large for c! `.
4.2 Lifetime tags
The by far most ecient and pure b-tags are the lifetime tags. Due to the long lifetime and
high mass of b-hadrons B decay particles have typical impact parameters
4
 of around 150m
compared to a resolution of around 50m at LEP
5
and 15m at SLC. The experiments either
use the presence of large impact parameters to tag b events directly, or they try to t secondary
vertices. Since D-mesons and B-mesons have similar lifetimes, some residual charm background
is unavoidable in pure lifetime tags. This background can, however, be suppressed by a cut on
the invariant mass of the secondary particles.
4
The impact parameter  is dened as the closest distance of the particle trajectory to the Z decay point.
5




























Figure 5: Neural network output for the OPAL electron b- and c-tag.
4.2.1 Impact parameter tags
ALEPH [41], DELPHI [42] and L3 [43] use a tag mainly based on impact parameters. The
algorithm usually denes rst a probability, based on the impact parameter signicance
6
, that a
track originates from the primary vertex. By denition, this probability is at for primary tracks
and peaked at low values for b-decay products. For any group of tracks, these probabilities
can be combined into a probability that all tracks of this group come from the primary vertex,
which is again at for light quark events and peaked at low values for b-events. Depending on
the analysis this probability can be calculated for all tracks in a jet, a hemisphere or a whole
event.
Although all experiments are equipped with vertex detectors that provide three dimensional
information, the impact parameter resolution and association eciency is typically dierent in
the r  and r z projection. For that reason some experiments measure the impact parameter
separately in the two projections and combine them later in the probability calculation.
To measure the experimental resolution from the data themselves the impact parameter
is signed. In the two dimensional case  is signed positive if the track crosses the jet axis
in the direction of its ight seen from the primary vertex, and negative otherwise. In the
three dimensional case the point of smallest distance between the track and the jet axis is
used instead. If the jet direction represents the ight direction of the decaying particle a true
impact parameter normally has to be positive. The negative part of the impact parameter
distribution is thus a measure of the experimental resolution including wrongly associated hits
in the microvertex detector. This is demonstrated in gure 6 a) which shows the impact
parameter signicance distribution obtained by ALEPH for data and simulation [41].
4.2.2 Vertex tags
OPAL [44] and SLD [45] use secondary vertices to tag b

b events. In this case the distance
between the primary and the secondary vertex measured along the direction of the jet containing
6































Figure 6: a) Impact parameter signicance distribution from ALEPH for data and simulation,
b) Secondary vertex decay length distribution from OPAL. The parameter  indicates the
additional smearing that has to be applied to reach data - Monte Carlo agreement.
the vertex, divided by its error is used as a b-tag. The sign of the decay distance is positive
when the vertex is in the hemisphere of the decay particles and negative otherwise. Figure 6
b) shows the normalised decay distance distribution for data and simulation from OPAL.
4.2.3 Mass tags
Using pure impact parameter or vertex tags, a residual charm background is dicult to reject
since b and c hadrons have comparable lifetimes. A natural way to reject this background is
to cut on the mass of the decaying particle.
For secondary vertices, a mass cut can naturally be applied to the invariant mass of the
particles attached to the vertex. Because of the small beampipe and especially the point-like
beamspot, SLD also has a very good resolution on the direction of the decaying particle. Using
the transverse momentum of the particles attached to the secondary vertex with respect to
the direction from the primary to the secondary vertex, an additional correction can even be
applied for the mass carried away by neutral particles.
As can be seen from gure 7 a), an almost pure b-sample can be obtained by requiring this
mass to be larger than 1:8GeV. With the good mass resolution at SLD it is even possible, using
this method, to tag charm with reasonable eciency and purity by requiring the reconstructed
mass to be below the charm mass. For b-hemispheres, the reconstructed mass can be below
the charm mass if enough B-decay particles are lost. But the reconstructed momentum is then
also much smaller than the true B-momentum. The reconstructed momentum of a vertex of a
given mass is therefore on average much smaller for a b-hemisphere than for a c-hemisphere.
As one can see from gure 8, this feature can be used to enhance the purity of the charm tag
signicantly.
DELPHI also uses the invariant mass of a reconstructed secondary vertex combined in a
12
probabilistic way with the impact parameter tag. The rapidities of the secondary particles
and the energy of all particles tted to the decay vertex are also used. Figure 7 b) shows the
improvement in the eciency-purity curve due to this additional information.












































































Figure 7: a) p
t
corrected invariant mass distribution of secondary vertices from SLD,
b) Eciency purity curve from DELPHI for the hemisphere-tag using only impact parameters
and after including the mass, rapidities and total energy of the tracks from the secondary
vertex.
ALEPH orders the particles in a hemisphere with decreasing impact parameter signicance.
The invariant mass of the rst particles in this order is calculated and the impact parameter
signicance for the particle whose addition causes the mass to exceed the D-mass is used as an
additional tag. This tag reaches a performance similar to the one used by DELPHI.
4.3 D-Meson tags
Since the production of charm quarks in fragmentation is heavily suppressed, the presence of
charmed hadrons tags cc and b

b events. The b- and c-events must then be separated with























. The small dierence between the D
+
mass and the sum of
the D
0
and pion masses can be measured with very good resolution, leading to a good signal to







[46]. However due to the small branching ratios involved, the eciency of this
channel for c-tagging is rather small.
Depending on the analysis several other charmed hadron tags are used:
 exclusive reconstruction of weakly decaying charmed hadrons,
13
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Figure 8: Reconstructed momentum versus invariant mass for vertices reconstructed by SLD.
The left plot is for hemispheres containing a charm quark and the right plot for those containing
























































) mass dierence spectrum

















can be reconstructed at LEP in channels with well known branching ratios.
Figure 10 shows the mass spectra for these four hadrons obtained by ALEPH [47]. As can be
seen, the high background does not allow a pure event by event tagging. However, tting the
mass spectrum allows a precise estimate of the signal. The production rates of weakly decaying
charmed hadrons in b

b and cc events are interesting in themselves. In addition they are used
for measurements of R
c




Despite to the poorer mass resolution, the mass dierence method can also be used even if the
D
0























is usually not reconstructed. However,






, with the  being strongly polarised. As can be seen




mass spectrum which can be used




`, lepton identication suppresses
the backgrounds suciently, that the mass dierence trick allows a reasonably pure tagging.






decays where the D
0
decays into
channels other than the selected one, this method is not used for rate measurements. However
for asymmetry measurements, where an exact knowledge of the eciency is not needed, these




The transverse momentum (p
t
) of particles due to the fragmentation process depends only





respect to the jet axis is thus comparable to the p
t
of fragmentation pions. Due to the small















ight direction and has low momentum. Its p
t
is thus much smaller than the average
p
t
from fragmentation pions. By tting the p
t
distribution at larger p
t
and extrapolating the
t to small p
t






can be deduced. In addition
the momentum of the pion is strongly correlated to that of the D
+
. Figure 11 shows the p
t
spectra opposite to a high energy D

for pions with the opposite (a) and same (b) sign as the
D

[48]. For the opposite sign, where a D





A model-independent b-c separation can be done using lifetime information. For this, either
the reconstructed charmed hadrons themselves or the algorithms described above are used. The
latter can be applied in the hemisphere opposite to the one with the tagged charmed hadron,

































































































































spectrum opposite to a high energy D

for pions with the opposite (a) and same
(b) sign as the D

. The low background under the signal in a) is due to the charm tag in the
opposite hemisphere.
Figure 12 shows the momentum spectrum of D
+
mesons from OPAL using lifetime tag-





from charm are on average much faster than those from b. Once the
momentum spectra for charmed hadrons are known, b-c separation can be done eciently
using the charmed hadron momentum.
4.4 Other tagging methods
At lower energy machines like PEP and PETRA, ecient b-tagging could be obtained using
event shape distributions. At the higher energy, the separation power of these methods has
diminished signicantly. This can be recovered partially by combining many quantities in a
neural network. However the weight of these techniques in the latest analyses is minor, so they
will not be described further.
5 Measurements of the electroweak quantities
5.1 Asymmetry measurements
The main methods used for the asymmetry measurements are:
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Figure 12: D

momentum spectrum for all events and for b

b and cc events from OPAL
normalised to the beam energy after subtraction of combinatorial background.












To measure a quark asymmetry, a pure sample of qq events needs to be prepared and the
direction of the fermion has to be estimated. As estimator for the quark direction always the
thrust axis is used. The sign ambiguity is solved by projecting the tagging particle onto the
thrust axis. In most analyses, the asymmetry is obtained by tting the dierential asymmetry
as a function of cos 
thrust
. This is not only statistically more powerful than counting the total
numbers of forward and backward events, but also cancels some systematic uncertainties like the
polar angle dependence of the acceptance. As an example gure 13 shows the signed cos 
thrust
distribution from the ALEPH lepton analysis [50] where the asymmetry can clearly be seen.
5.1.1 Lepton measurements
As explained in section 4.1, the presence of a lepton tags b and c events. Especially in b

b
events, leptons can originate from several sources with dierent charge correlations to the





mixing, the asymmetry is diluted by a factor (1  2), where  is the average
mixing parameter for the events in the sample. As seen from gure 4, the leptons from b! `
can be separated eciently using their transverse momenta. This is illustrated in table 5 by
the sample composition in the ALEPH analysis after a cut p
t
> 1:25GeV.
ALEPH [50] and L3 [51] measure A
b
FB
alone from a sample of high p
t
leptons. DELPHI
[52], OPAL [53], and SLD [54] t to the full (p; p
t
) spectra or, in the case of OPAL, the






. The corrections for the sample composition are
always done using the simulation. However the branching ratios BR(b! `), BR(b! c! `),



















Figure 13: Observed (closed points) and acceptance corrected (open points), signed cos 
thrust
distribution from the ALEPH lepton analysis.















Table 5: Correlation between the lepton charge and the quark charge at decay time. Also
shown is the sample composition for p
t
> 1:25GeV in the ALEPH analysis.
measured in the same or similar analyses as explained in section 5.4. If  is measured with the
same experimental cuts as A
b
FB
, its measurement can be seen as a measurement of the charge
tagging eciency. Then all systematic uncertainties in A
b
FB
due to the ratios of the dierent
b sources cancel completely and only uncertainties from non-b background remain. Also here
large cancellations occur, since the branching ratios and fragmentation parameters act as an
eective parametrisation of the lepton spectra in b

b and cc events.
5.1.2 D-meson measurements
Like that of the lepton, the charge of a D-meson is correlated to that of the quark. However,
apart from the suppressed b! c decays, there is only one channel per avour and for b's the
correlation is opposite to that in the lepton case. The opposite correlation reduces the error
signicantly when lepton and D measurements are combined.
Due to the better reconstruction eciency and lower background at high energies, the D-













with a soft cut on the D-momentum. A
b
FB





a harder D-momentum cut.
Since the total reconstruction eciency cancels in the asymmetry measurement, many chan-
nels can be used. The background is well under control using the mass sidebands. For the D
+





reections from unwanted D
0
decay modes are also not disturbing.
5.1.3 Jetcharge measurements
It was already seen at PEP [57] that the charge of the hadrons in a jet contains information
about the charge of the originating quark. All LEP experiments [52,58{60] and SLD [61] have






















, and  is a tunable parameter with typical values between 0.3 and 1.
With Q
F=B
being the jetcharge of the forward/backward hemisphere and Q
f=f
the jetcharge























for a pure sample of ff-events. The resolution parameter 
f
can be measured from data, taking
only some corrections due to hemisphere correlations from the simulation. These correlations
arise from eects like charge conservation, hard gluon radiation etc.




-mixing is completely absorbed into the mea-
sured 
b
. Eects from gluon radiation are also included to a large extent, so that the residual
QCD correction is very small.
In reality two additional complications arise. The selected sample is not 100% pure and the
acceptance is not constant in cos . Background corrections are typically taken from the sim-
ulation whereas polar angle corrections are evaluated from the measured polar angle variation
of the tagging rate and some Monte Carlo corrections.
5.1.4 Other measurements
In addition to the methods described above, vertex charge and charged Kaons have been used
to measure asymmetries.
In principle the decay chains b! c! s and c! s give a correlation between the Kaon
charge and the b- or c-quark charge. In practice, however, there exists also background from





[62,63]. Light quark background is rejected by their lifetime/mass b-tag and fragmentation
background is suppressed by requiring the K

to be consistent with coming from the secondary
vertex. This measurement is currently limited by the systematics from the Kaon content in
B-decays which has been taken from lower energy data, but with the new SLD vertex detector
the eciency should be high enough to measure the charge tagging eciency from the data by
comparing same sign with opposite sign double tags.
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Another way to tag the quark charge is to measure the charge of all particles associated to
a secondary vertex. The eciency for measuring the vertex charge correctly is given roughly
by 
n
, where  is the eciency for associating a track uniquely to a vertex and n is the charged
multiplicity of the decay. OPAL has combined a vertex charge technique with a jetcharge
technique to measure A
b
FB
[60]. However, due to the high B-decay multiplicity and the relatively
low single track tagging eciency at LEP, the eciency for measuring a vertex charge is only
about 1% and the accuracy on A
b
FB
is completely dominated by the jetcharge analysis.
SLD has performed the most precise measurement of A
c
using a combination of charged
Kaons and vertex charge [63,64]. The powerful lifetime/mass tag at SLD allows a clean charm
sample to be separated, and due to the better single track eciency at SLD and the smaller
decay multiplicity for charm, the vertex charge eciency is about ten times larger than for the
OPAL b-analysis.
5.1.5 QCD corrections to asymmetries
The QCD corrections to the asymmetries explained in section 2.2 were calculated assuming a
perfect detector with full acceptance. The analyses, however, always apply some cuts changing
the composition of the sample. For the D-meson and lepton analyses the main eect is due
to momentum cuts. The largest part of the QCD correction is coming from events where a
high momentum gluon is radiated and a low momentum quark consequently has a direction
far from its original one. The momentum cuts on the lepton or D-meson reduce the fraction
of such events signicantly, reducing also the QCD correction to be applied to the result. As
an example gure 14 shows the QCD correction as a function of the D
+
momentum for the
OPAL analysis. It can be seen that for high D
+



















Figure 14: Experimental bias on the QCD correction to A
c
FB




For the jetcharge measurements the situation is by far more complicated. Since strong
gluon radiation reduces simultaneously the asymmetry and the charge separation, which is
measured from the data themselves, the QCD corrections are largely accounted for intrinsically.
However, since gluon radiation introduces additional hemisphere correlations and since these
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eects depend on the polar angle, it is dicult to obtain a number for the residual QCD
correction. It is however possible to take these eects into account in a global fragmentation
plus detector correction, so that the results obtained with this method are reliable.
The procedure applied by the LEP experiments is as follows. In general the QCD correction
can be written as A
q
FB







. The total QCD corrections in second order
using the thrust axis as reference and including fragmentation eects have been estimated to
be C
b
= (2:96 0:40)% and C
c
= (3:57 0:76)% [65]. These corrections are reasonably well
reproduced by event generators like JETSET and HERWIG. For each analysis the simulation is
used to estimate which fraction of the full correction has to be applied, and the total correction
is scaled accordingly. The C
q
are typically reduced by about a factor of two, but with a large
spread between the dierent analyses. All asymmetry results quoted are fully corrected for
QCD eects.
5.1.6 Asymmetry Results










mesons have much larger errors than the ones with other techniques and are not included in
gure 15. Good agreement between the dierent experiments and methods can be observed.




from the measurements of the left-




All accurate measurements of R
b
are primarily single/double tag comparisons. If f
s
denotes
the fraction of b-tagged hemispheres and f
d









































is the hemisphere tagging eciency for avour f. The double tagging eciency "
(d)
f
can be written as "
(d)
f





where the factor C
f
6= 0 corrects for the fact that the two






Neglecting hemisphere correlations and background, R
b







so that the knowledge of the badly known b-tagging eciency "
b





and the hemisphere correlations C
b
have to be taken from Monte
Carlo. The uncertainties on these parameters are included in the systematic errors. The eect
of an uncertainty "
x
















5.2.1 Light quark background
With the modern tagging techniques, light quark events are typically suppressed by more
than a factor 100 with respect to b-events. Using tracks with negative impact parameters or




and  decays are normally far enough away from the primary vertex that their
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LEP 0.0982 ± 0.0023
OPAL 91-94 0.1004 ± 0.0052 ± 0.0046
L3 94 0.0855 ± 0.0118 ± 0.0056
DELPHI 91-94 0.0995 ± 0.0072 ± 0.0040
ALEPH 90-95 0.10.40± 0.0040 ± 0.0032
OPAL 90-95 0.0910 ± 0.0044 ± 0.0020
L3 91-94 0.0963 ± 0.0065 ± 0.0035
DELPHI 91-94 0.1075 ± 0.0077 ± 0.0031





b  (91.26 GeV)
0.08 0.1 0.12
LEP 0.0672 ± 0.0047
OPAL 90-94 0.0630 ± 0.0120 ± 0.0055
DELPHI 91-94 0.0764 ± 0.0121 ± 0.0055
ALEPH 91-95 0.063  ± 0.009  ± 0.003
OPAL 90-95 0.0595 ± 0.0059 ± 0.0053
L3 90-01 0.0784 ± 0.0370 ± 0.0250
DELPHI 91-94 0.0839 ± 0.0140 ± 0.0118





c  (91.26 GeV)
0.05 0.1
LEP  0.0556 ± 0.0088
OPAL 91-94√s = 89.44GeV  0.041 ± 0.021 ± 0.003
ALEPH 90-95√s = 89.43GeV  0.075 ± 0.018 ± 0.002
OPAL 90-95√s = 89.49GeV  0.035 ± 0.017 ± 0.002
L3 91-94√s = 89.56GeV  0.069 ± 0.035 ± 0.004
DELPHI 91-94√s = 89.43GeV  0.064 ± 0.039 ± 0.002
ALEPH 90-95√s = 90.21GeV  0.091 ± 0.059 ± 0.004
ALEPH 90-95√s = 89.38GeV  0.055 ± 0.020 ± 0.002









LEP 0.1085 ± 0.0077
OPAL 91-94√s = 92.91GeV 0.146 ± 0.017 ± 0.007
ALEPH 90-95√s = 92.97GeV 0.092 ± 0.018 ± 0.005
OPAL 90-95√s = 92.95GeV 0.107 ± 0.014 ± 0.004
L3 91-94√s = 92.93GeV 0.108 ± 0.029 ± 0.004
DELPHI 91-94√s = 93.02GeV 0.152 ± 0.037 ± 0.006
ALEPH 90-95√s = 93.90GeV 0.090 ± 0.075 ± 0.005
ALEPH 90-95√s = 92.94GeV 0.106 ± 0.016 ± 0.004









LEP -0.031 ± 0.018
OPAL 90-94√s = 89.49GeV  0.039 ± 0.051 ± 0.009
DELPHI 91-94√s = 89.54GeV  0.002 ± 0.052 ± 0.006
ALEPH 91-95√s = 89.40GeV -0.009 ± 0.043 ± 0.011





c  (89.55 GeV)
-0.1 0 0.1
LEP 0.136 ± 0.015
OPAL 90-94√s = 92.95GeV 0.158 ± 0.041 ± 0.011
DELPHI 91-94√s = 92.94GeV 0.081 ± 0.046 ± 0.006
ALEPH 91-95√s = 93.00GeV 0.114 ± 0.033 ± 0.009





c  (92.94 GeV)
0.1 0.2
Figure 15: b- and c-quark forward-backward asymmetries measured at LEP at dierent centre
of mass energies. The printed numbers are taken from the experimental notes. The points with
the error bars correspond to the results with the agreed input parameters. The dotted error
bars represent the systematic uncertainties.
23
SLD 0.899 ± 0.049
K-mesons 94-95 0.860 ± 0.088 ± 0.108
jetcharge 93-95 0.911 ± 0.045 ± 0.044
lepton 93-95 0.877 ± 0.068 ± 0.044
Ab
0.8 0.9 1
SLD 0.660 ± 0.045
K+vertex 93-96 0.686 ± 0.053 ± 0.038
D-mesons 93-97 0.633 ± 0.063 ± 0.037
lepton 93-95 0.614 ± 0.104 ± 0.064
Ac






decay products are not included in the b-tagging. In addition they are searched for by special
pairing algorithms so that the few remaining ones can be removed.
The most serious source of background in a light quark event is thus the splitting of a gluon
into a heavy quark pair g ! cc and especially g ! b

b. The probability that an event contains
gluon splitting to cc has been measured by OPAL to be P (g ! cc) = (2:38 0:4)  10
 2
[66],
which is used by all experiments. For the gluon splitting to b






= 0:13  0:04 [67] is used which is, however, in agreement with measurements by
ALEPH [68] and DELPHI [69].
Since the heavy hadrons from gluon splitting are normally much less energetic than the
ones from primary quark fragmentation, the tagging eciencies for gluon splitting events are
signicantly smaller than those for primary b

b or cc production.
5.2.2 c-quark background
Since c-hadrons have lifetimes comparable to b-hadrons, the estimate of "
c
is more dicult
than that of "
uds
. Three major complications arise for the charm sector:
 Due to lifetime dierences of up to a factor of four, the tagging eciencies vary strongly be-
tween the dierent charmed hadrons. Since the D
+

















ratio is trivial to predict.
 A full set of D branching ratio measurements does not exist. For the more inclusive
branching ratios which are relevant for the estimate of "
c
, only relatively old measurements
at the  
00
are available.
 Around the working point, "
c
varies quite rapidly as a function of the b-tagging cut so
that "
c
depends strongly on the understanding of detector properties.
The production ratios of the dierent weakly decaying charmed hadrons are now measured at
LEP with good accuracy. They are obtained together with R
c
and are therefore described in
more detail in section 5.3.3.
The decay properties of the charmed hadrons that aect mostly the determination of "
c
are
the charged decay multiplicities and the branching ratios for the decay D! K
0
X. The decay
multiplicities are known on the few percent level and are taken from an analysis from Mark
III [70]. In a D ! K
0
X decay the K
0
carries a lot of energy and invariant mass, so that a
hemisphere with this decay is normally not tagged. The branching ratios are taken from the
PDG [6] and are known with about 5% precision.
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Charmed hadron lifetimes are known with good precision from xed target experiments [6],
so they contribute only weakly to the systematic uncertainty.
Charm fragmentation is also of minor importance. The value for the mean charmed hadron
energy is taken from LEP [71].
All R
b
measurements need explicit assumptions on the value of R
c
to determine the charm






The second major source of systematic uncertainties is the estimate of the hemisphere correla-
tions. The main sources for those are:
 angular eects: The b-tagging eciency depends signicantly on the polar angle of a
jet. At smaller polar angles the resolution of the vertex detector gets worse due to larger
multiple scattering. In addition, close to the edges of the detector more tracks are lost
outside its acceptance. Usually the two jets in an event are back to back, so that both
jets are either in regions of good or bad eciency. There is also some dependence on the
azimuthal angle due to the atness of the beamspot and due to inhomogeneities of the
detector itself.
 gluon radiation: There are two eects from gluon radiation that lead to sizeable hemi-
sphere correlations. Firstly, in about 2% of the events the two b's are boosted into the
same hemisphere, so that one side contains only a high energy gluon, leading to a negative
correlation. Secondly, the b-tagging eciency is a function of the energy of the b-hadron.
A gluon radiated at large angle takes energy from both quarks, reducing the energy on
both sides and leading to a positive correlation. If the eciency-momentum dependence
is linear, the size of the latter eect is not altered by the emission of additional collinear
gluons or by fragmentation [72], so that it can be estimated in perturbative QCD. Cal-
culations by Nason and Oleari estimated eects of about 1% [73, 74] consistent with
fragmentation models [9]. In practice the dependence is somewhat weaker than linear, so
that the resulting eect is smaller.
 vertex bias: Some of the older analyses use a common primary vertex for both hemi-
spheres. If tracks from a b-hadron decay are included in the primary vertex, this can
inuence the b-tagging on both sides. The size of this eect is dicult to estimate but
it depends on the details of the b-fragmentation and decay. For that reason the more
recent analyses calculate the primary vertex separately for each hemisphere, even if this
results in a slightly smaller eciency at LEP. The beamspot, although common to both
hemispheres, can safely be included in the vertex t. At SLD it is much smaller than
the detector resolution and at LEP it is signicantly smaller in the vertical and signi-
cantly larger in the horizontal direction, so that it never has a signicant eect on the
correlation.





calculated with the simulation from the ratio of the double tag eciency and the square of the
single tag eciency. For that reason, b

b-Monte Carlo statistics contributes in the same way to
the total uncertainty as the data.
The breakdown of the correlations into dierent sources is, however, needed to assess the
systematic uncertainties. For most correlation sources a test quantity can be dened, and the
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tagging eciency can be measured in data and Monte Carlo as a function of this variable,
where background corrections are taken from simulation. As an example, for the polar angle
dependence in the approximation that the events are back-to-back, z = cos  of the thrust axis
can be used and the eciency as a function of this variable can be studied. The correlation
due to the polar angle C

























The dierence between C

in data and simulation is used as an estimate of the accuracy of the
Monte Carlo prediction.
5.2.4 Multitag extensions
ALEPH and DELPHI have extended their R
b
measurements using a multitag technique. For
this technique several, mutually exclusive, tags are used that are sensitive to dierent avours.
ALEPH and DELPHI both use ve tags: three b-tags, one charm tag and one uds-tag. With
these tags they measure all ve single and fteen double tag rates. Taking the charm and uds
eciency for the primary b-tag and all hemisphere correlations from the simulation, R
b
and
the other tagging eciencies can be measured from the data. For that reason all but the rst
b-tag can be fairly complicated algorithms since a detailed understanding of their eciencies
is not needed.
The multitag extension improves the statistical precision of an R
b
analysis by about 10  
20% compared to a single/double tag technique with the primary tag only. The sensitivity
to the light quark eciencies however remains unchanged. The systematic uncertainty from
background sources can also be reduced slightly, since the better statistical power allows a
harder cut in the primary tag.
The sensitivity to the hemisphere correlation of the primary b-tag is reduced by a factor
0:5  0:8. This gain is however mostly compensated by the sensitivity to the other correlation




The results of the R
0
b
measurements at LEP and SLC [42{45,63,75] with R
c
xed to its Standard
Model expectation (R
c
= 0:172) are shown in gure 17. Also shown are an older measurement
by L3 with a neural network tagging using event shapes [76] and the average of the lepton
measurements performed at LEP (section 5.4). The average has been obtained by a global t
to all data presented in section 5.6. The error breakdown of the ve lifetime tag measurements
is shown in table 6.
For the most accurate measurements the largest single source of systematic error is now
the probability of a gluon to split into a b

b pair. Since these events contain true b-quarks this
background is irreducible and the error can only be decreased by a better understanding of the
gluon splitting process.
Since the uncertainties of all measurements contain a substantial fraction common with
the other experiments, the agreement of the analyses cannot be judged easily from gure 17.
For that reason the ve accurate single/double tag measurements only were combined with
the procedure described in section 5.5 with R
c
xed to its Standard Model expectation. The
result of the combination was R
0
b
= 0:21669  0:00093 with 
2
=ndf = 1:5=4, indicating good
agreement between the dierent results.
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LEP+SLC 0.21736 ± 0.00086
LEP leptons 0.2227 ± 0.0020 ± 0.0025
L3 shape 91 0.2223 ± 0.0030 ± 0.0064
SLD 93-97 0.2158 ± 0.0017 ± 0.0014
OPAL 92-94 0.2178 ± 0.0014 ± 0.0017
L3 94-95 0.2179 ± 0.0015 ± 0.0026
DELPHI 94-95 0.2166 ± 0.0008 ± 0.0009




Figure 17: Measurements of R
0
b
at LEP and SLC with R
c
xed to its Standard Model expec-
tation (R
c
= 0:172). The notation is as in gure 15.
multitag single/double tag
ALEPH DELPHI L3 OPAL SLD
statistics 0.0009 0.0008 0.0015 0.0014 0.0017
MC statistics 0.0005 0.0005 0.0008 0.0003 0.0003
event selection 0.0001 0.0001 0.0003 0.0003
detector resolution 0.0005 0.0002 0.0004 0.0004 0.0010
"
b
correlation 0.0003 0.0004 0.0007 0.0010 0.0002
udsc simulation 0.0005 0.0005 0.0018 0.0009 0.0003
gluon splitting 0.0006 0.0005 0.0002 0.0006 0.0005
total systematic 0.0011 0.0009 0.0026 0.0017 0.0014
Table 6: Error breakdown of the lifetime tag R
b
analyses.
DELPHI has also measured the variation of R
b
with the centre of mass energy for the
energy-scans in 1993 and 1995. Since the b-tagging eciency varies very little for the energies
used in the scan, the ratios of the o-peak to the on-peak R
b
can be obtained from the ratio of
tagging rates at the two energies. No single/double tag comparison is needed, so that the more
powerful event tag can be used. Also the uncertainties due to backgrounds cancel to a large
extent in the ratio, shifting the optimal working point towards higher eciencies. The result















compared to 0.9964 (0.9984) predicted by the Standard Model for the lower (higher) energy.
If new physics appears only in loop corrections no variation on this prediction is expected.
However this measurement can severely constrain new Born level physics like an R-parity
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Mainly four types of measurements of R
c
are performed at LEP/SLD:
 single/double tags,
 exclusive/inclusive single/double tags,
 charm counting,
 lepton measurements.
All methods have about equal weight in the nal result. Contrary to the R
b




b background is normally evaluated directly from the tagged data sample using
the dierent b-tagging tools, so that the R
c










methods, however, are used to tag charm.
Because of the small beampipe and the pointlike beamspot SLD [63, 78] is able to apply a
tag using lifetime and vertex mass. For secondary vertices with masses between 0.6 and 2GeV
the two dimensional cut in the vertex-mass/momentum plane explained in gure 8 is applied
resulting in a charm tagging eciency of 14% with a purity of 67%. The background is mostly
due to b

b events. The b-tagging eciency of the charm tag can be measured accurately using
hemispheres opposite to a b-tagged one, so that it does not give rise to a signicant uncertainty.
This is the by far most accurate method. However, due to the lower statistics of SLD up to
now, it gives about the same total error as the LEP results.
At LEP ALEPH [79] has done a single/double tag measurement using fully reconstructed
D-mesons. They obtain 2:5% eciency and 89% purity. Due to the low tagging eciency the
method is severely limited by the statistics of the double tag sample.
DELPHI [80] has tried a single/double tag measurement using low p
t
pions. However this
measurement is strongly limited by the understanding of the background in the single tag
sample.
5.3.2 Exclusive/inclusive single/double tags
In a single/double tag analysis, the systematic error is determined by the purity of the single
tag sample, while the statistical error is due to the number the double tagged events.
To overcome both problems simultaneously, ALEPH [79], DELPHI [80] and OPAL [49] use






events is measured using a D
0

















). In a second step,
charm is tagged with an exclusively reconstructed high energy D
+
in one hemisphere and the
D
+
rate is measured in the opposite hemisphere with low p
t













In this method the uncertainty in the charm tagging eciency due to fragmentation eects







eciency with which the slow pion rate can be extracted from the p
t











baryons can be reconstructed in decay modes with well





) is proportional to R
c
f(D), where the probability that a c-quark ends up in a specic
D-hadron state (f(D)) is a priory unknown. However, after fragmentation and resonance
decays all charm quarks end up in a weakly decaying charmed hadron, so that the production
probabilities for these states add up to one. In principle R
c
can thus be measured from the
sum of the production rates of all weakly decaying charmed hadrons.
Charmed strange baryons have, however, up to now not been measured. Extrapolating from














can be obtained from the four production rates measured at LEP. The error from
the charmed strange baryon rate turns out to be small, and the only remaining uncertainty
from fragmentation is from a small extrapolation to low charmed hadron energies.
Simultaneously with R
c
, the production rates of the dierent charmed hadrons in cc events
are obtained, these need to be known to estimate the cc background in the R
b
-analyses. ALEPH




ALEPH has also measured R
c
from their electron spectra [79]. The total electron spectrum


























can be measured without model dependence using hemispheres opposite to a b-tagged one,
and P
uds

















are obtained from a t to lower energy data [82]. The branching ratio BR(c! `) is measured
at ARGUS, PEP and PETRA to be (9:8 0:5)% [82]. Since the semileptonic branching ratios
vary between the dierent charmed hadrons, this relies, however, on the assumption that the
mixture of c-hadrons is independent of the centre of mass energies, which is suggested by a
parton shower picture of fragmentation where the energy scale at which the fragmentation
occurs is independent of the scale of the primary interaction.
As a cross check, DELPHI has measured BR(c! `) from leptons opposite to a high energy
D

to be BR(c! `) = (9:7  0:8  0:4)% [83] , consistent with the number used. If one
assumes that the dierent D-mesons have equal semileptonic partial width, BR(c! `) can also
be obtained from the individual c-hadron semileptonic branching ratios and lifetimes [6,84] and
the D-production rates measured in the charm counting analyses. The result (BR(c! `) =
8:93  0:42%) is slightly lower but still in agreement with the assumed value. Due to its
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complicated correlation with the charm counting analysis it is, however, not possible to use
this number directly in the analyses.
R
c





In addition, ALEPH and DELPHI also measure R
c
as a free parameter in their lepton ts




Figure 18 summarises the R
c
results at LEP and SLD. The average is again from the global t to
all data taking common systematics into account. To judge the agreement, the R
c
measurements




and weakly decaying charmed hadron production probabilities as free parameters. The 
2
of
this t was 5.1 for 11 degrees of freedom indicating good agreement.
LEP+SLD 0.1731 ± 0.0044
OPAL 91-94 0.167 ± 0.011 ± 0.011
DELPHI 91-94 0.168 ± 0.011 ± 0.013
ALEPH 91-95 0.1756 ± 0.0048 ± 0.0109
SLD 93-97 0.1790 ± 0.0085 ± 0.0061
DELPHI 91-95 0.171 ± 0.013 ± 0.015
ALEPH 90-95 0.173 ± 0.014 ± 0.009
OPAL 91-95 0.180 ± 0.010 ± 0.012
DELPHI 91-95 0.176 ± 0.015 ± 0.015
ALEPH 90-95 0.166 ± 0.012 ± 0.009
DELPHI 91-92 0.162 ± 0.009 ± 0.021






Figure 18: Measurements of R
0
c
at LEP and SLC. The notation is as in gure 15.
5.4 Lepton ts
To measure the prompt (b ! `) and cascade (b! c! `) b-semileptonic branching ratio and
the average b

b-mixing parameter, () the experiments perform ts to their inclusive single and
double lepton samples. In these ts, either the full single lepton sample is used [85{88] or
b-tagging in the hemisphere opposite to the lepton is applied [89{91]. The second approach
has the advantage that most of the background from misidentied hadrons can be suppressed,





are left free. But compared to the lifetime tag analyses, these
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measurements are no longer competitive. In addition, parameters describing the hardness of
the b- and c-quark fragmentation are often included in the ts. These parameters also absorb
a signicant part of the systematics from the modelling of the lepton spectra.
The main use of the b

b-mixing parameter, , is as a correction factor to the b-asymmetry.
For that reason, it is often measured simultaneously with the asymmetries to prot from the
error cancellation in an optimal way [50, 51, 53].
The measurement of the semileptonic branching ratios and of the mixing parameter is
clearly important for the understanding of B-hadron production and decay. However because
of their relevance for the asymmetry measurements, as explained in section 5.1.1, and their




, they are included in the combination procedure of
the electroweak observables.
5.5 Combination of results





orations. In addition some analyses of one electroweak parameter have to assume a value for
another one, e.g. R
b
needs the knowledge of R
c
to correct for the charm background. For these
reasons a well dened combination procedure is needed. To facilitate this task the LEP exper-
iments and SLD have agreed on a common set of input parameters and their errors
7
[71, 82].
This assures that the meanings of the common systematic errors are the same, so that reliable
weights can be calculated.
As already seen from the description of the measurements, some parameters that are needed
to correct one electroweak quantity are measured together with another one, as e.g. the charmed




-mixing. These auxiliary parameters are
included in the combination procedure in a coherent way. The parameters currently used for
combination are:











obtained from the left-right-forward-backward-asymmetries at SLD,





 and as auxiliary parameters:









{ the probability that a c-quark fragments into a D
+


















eective mixing parameter ,
{ the prompt and cascade semileptonic branching ratio of the b-hadrons BR(b! `)
and BR(b! c! `).
The LEP asymmetries are either taken at the three dierent energies separately to test their
energy dependence or are transported to the peak energy before the t to measure the weak
mixing angle, assuming SM energy dependence.
7
If the publications use dierent parameters than the agreed ones, the results with the common parameter














As an input to the combination the experiments provide a table for each analysis giving the
result and the error breakdown according to the specied sources. If more than one quantity
is measured in the same analysis the correlations are also given. If a result depends on a t
parameter that is not measured in the same analysis, the dependence on this parameter is given
as well and the result is modied according to the current value of that parameter in the t.
For the combination itself a 
2
-minimisation is used where the input covariance matrix is
constructed from the errors and correlations in the tables provided by the experiments.
5.6 Combined LEP/SLC results























BR(b! `) = 0:1106 0:0019
BR(b! c!

`) = 0:0802 0:0032
 = 0:1215 0:0042
f(D
+
) = 0:220 0:020
f(D
s
) = 0:112 0:027
f(c
baryon









) = 0:1615 0:0059
with a 
2
=ndf of 60=(98 13). For this t the LEP asymmetries at the dierent centre-of-mass
energies have all been corrected to pure Z-exchange. The correlations between the electroweak
parameters are given in table 7. A detailed error breakdown is shown in table 8. The 
2
of the
t corresponds to a probability of 98:2%. This indicates very good agreement of the dierent
results. However, as can be seen from table 8, systematic errors play an important role. Since
they are normally estimated conservatively a somewhat too small 
2
is not surprising.
























(92:94GeV) = 0:136 0:015;

















1:00  0:15  0:01 0:01  0:03 0:01
R
c








0:01  0:05 0:13 1:00 0:00 0:05
A
b
 0:03 0:04 0:03 0:00 1:00 0:03
A
c
0:01  0:03 0:01 0:05 0:03 1:00






























statistics 0:53 2:8 1:9 3:9 3:9 3:8
internal systematics 0:42 2:4 0:9 2:0 3:0 2:4
QCD eects 0:19 0:4 0:2 0:1 0 0
Br(D! K
0
X) 0:15 0:2 0 0 0 0
B decay multiplicity 0:13 0:1 0 0:2 0 0





















) 0:04 1:1 0 0 0 0:1
BR(c! `) 0:05 1:4 0:2 0:2 0 0:1
gluon splitting 0:41 0:7 0 0:3 0:1 0:2
b fragmentation 0:02 0:1 0:1 0:1 0 0
c fragmentation 0:04 0:6 0:1 0:1 0:2 0:3
light quarks 0:16 0:5 0:3 0:1 0 0
Semil. decays 0:02 0:5 0:3 0:7 0:2 0:4
total 0:87 4:4 2:2 4:5 4:9 4:5
Table 8: Error breakdown of the electroweak observables with heavy quarks.
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6 Interpretation of the Results
6.1 Comparison with Standard Model Predictions
As explained in section 2.3, the peak value of the forward backward asymmetries depends on the




whereas the energy dependence is governed by the  Z interference
term which depends on the axial couplings that are known to a much better accuracy. Figure



























Figure 19: Centre of mass energy dependence of the b- and c-quark forward-backward asym-
metry. The solid lines show the Standard Model predictions.
Since the energy dependence is well described by the model it is reasonable to correct all
asymmetries to pure Z-exchange.













with the model prediction. For the prediction, the top quark mass is xed to its measured value
m
t
= 173:9 5:2GeV [92, 93]
9
and the Higgs mass is varied between 70GeV and 1TeV. Good
agreement with the model prediction can be observed. All numbers agree within one standard
deviation apart from R
0
b
where the agreement is about 1:5.
Unlike the polarised asymmetries, the unpolarised asymmetries depend on the product of





, the value of A
e
measured with the leptonic asymmetries at LEP and









planes from the polarised and unpolarised quark asymmetries, the
LEP leptonic asymmetries taken from [94], and A
LR
from SLD [63] together with the Standard
Model prediction. Each measurement individually agrees well with the prediction, but the
global agreement is slightly marginal.
9








































































, the couplings can be determined individually from the LEP/SLD heavy avour
results once the Z leptonic couplings and the hadronic width are known. For pure Z-exchange,
all observables are invariant under a sign change and exchange of the vector and axial vector
coupling. Both ambiguities can however be resolved using the o-peak asymmetries.
To take fully into account all correlations, the heavy avour results quoted in section 5.6 are
tted together with all other LEP/SLD observables leaving the leptonic couplings and the b-
and c-quark couplings as free parameters
10
. Lepton universality has been assumed. In addition










29GeV  0:052 0:081  0:106 0:026 [95{100]
35GeV  0:214 0:050  0:142 0:024 [101{106]
44GeV  0:460 0:147  0:025 0:087 [101, 102]







measured at PEP, PETRA and TRISTAN. The b-asymmetries are
corrected for mixing using  = 0:1215.
The results are summarised in table 10 and, for the quark couplings, displayed in gure 22.
All ambiguities are excluded with more than 99% condence level. The low energy data have
no signicant eect on the central values and errors, however they are needed for the resolution
of the ambiguities. The 
2
of the t is 20 for 17 degrees of freedom, showing good consistency of
the data. The fact that the SM prediction of the b-quark couplings falls slightly outside the 95%
10















































(right) at LEP and SLD. The dashed
bands and ellipses correspond to one standard deviation. The solid lines labelled \SM" show













c.l. contour allowed by the data reects the small disagreement seen in gure 21 and the 1:5
dierence between the measurement and the prediction in R
0
b
. The results establish however
without any doubt that the b-quark is a down type and the c-quark an up-type member of an
isospin doublet.
coupling t value correlations
g
V e
 0:03766 0:00052 1:00  0:08  0:49 0:48 0:15  0:07
g
Ae
 0:50103 0:00031  0:08 1:00 0:07  0:04  0:02  0:01
g
V b
 0:32002 0:01196  0:49 0:07 1:00  0:98  0:18 0:03
g
Ab
 0:51702 0:00761 0:48  0:04  0:98 1:00 0:18  0:01
g
V c
0:18899 0:01040 0:15  0:02  0:18 0:18 1:00  0:35
g
Ac
0:50409 0:00765  0:07  0:01 0:03  0:01  0:35 1:00
Table 10: Fit of eective quark and lepton couplings at LEP and SLD.
6.3 Global consistency with the Standard Model
As explained in section 2.3, the value ofA
b















. Table 11 summarises





at LEP and SLD [94]. The 
2
-probability for the agreement of











standard deviations apart. However, since the overall agreement is good and the uncertainties


























































i 0:2322  0:0010 +0:7
A
LR
(SLD) 0:23084 0:00035  1:9
average 0:23150 0:00021





at LEP and SLD.
All lineshape results and leptonic asymmetries measured at LEP and SLD can be sum-
marised in terms of the Z mass, its partial decay width into leptons, hadrons and invisible
particles, and the leptonic coupling parameter A
e
. The values used in the following are taken
from [63, 94] and are shown in table 12.
To test the overall agreement of the data with each other and with the Standard Model,










free parameters. In addition to the heavy avour data and the data from table 12, m
t
=




















) = 0:120 0:003;
with a 
2





) = 1=(128:928 0:023)






For the interpretation of the m
H
error, it should be noted that the error on log(m
H
) is ap-










91:1867 0:0020GeV 1:00 0:03 0:06 0:01 0:03
 
had
1743:1 2:3MeV 0:03 1:00 0:46  0:42 0:00
 
`
83:91 0:10MeV 0:06 0:46 1:00 0:24 0:00
 
inv
500:2 1:9MeV 0:01  0:42 0:24 1:00 0:00
A
e
0:1498 0:0021 0:03 0:00 0:00 0:00 1:00







) = 0:118  0:003 [6], and the Higgs mass m
H
with the limit from direct searches,
m
H
> 89:3GeV [112]. If the Standard Model is required to be valid up to the Planck scale the
Higgs mass has to be in the range m
H
 170 20GeV [113], which is also perfectly compatible
with the t results.
6.4 Model independent parametrisation
As explained in section 2.2 all loop corrections can be parametrised in a model independent







. Several other parametrisations exist where the
quadratic terms originating from fermion loops are absorbed into one parameter. The most
commonly used parameter sets are the S, T, and U parameters [114] and the " parameters [115],









































where QCD corrections and the running of 
QED
are already included in the Born terms. The


















































The absence of extra parameters describing the light quark vertices comes from the prejudice,
that these vertices do not contain any new physics.





are determined only by the leptonic variables, "
b








This makes no assumptions on the light quark vertices.
b) In addition, the hadronic vertices for the non b quarks have been taken from the Standard
Model and the quark asymmetries have been added.







is dened using the W-mass which is not discussed here.
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In all cases, 
s
















1=(128:896  0:090). "
b
can also be obtained from R
0
b
alone, assuming no new physics in the
light quark vertices. The results of all ts are shown in table 13. Figure 23 compares the results








planes. For a not too













Leptonic variables plus  
b
4:1 1:3 3:5 1:3  2:7 1:9
Leptonic plus hadronic variables 4:0 1:2 4:0 1:2  3:1 1:8
b

















alone, the small dependence on "
1;3



















































(right) planes. The solid ellipses
represent a t to the leptonic observables and  
b
. For the t shown by the dashed ellipses
the hadronic and heavy avour observables have also been used. In the t represented by the
dotted ellipse the b

b-vertex is also xed to its Standard Model prediction. The areas marked








6.5 Constraints on new Physics
Supersymmetry [116] is a decoupling theory which predicts, in its minimal version, that the
lightest Higgs Boson has a mass below about 130GeV [117]
12
. The decoupling means that,
if the supersymmetric particles are suciently heavy, the Z precision data cannot distinguish
between supersymmetry and the Standard Model with a similarly light Higgs. In the past,
12




was larger than the SM prediction have been reported. In this context, it
was shown that vertex loops involving charginos or stops could give measurable contributions
to R
b
. However all these solutions require new particles that should have been discovered at
LEP-II by now [18].
The situation is dierent for technicolour models [116]. Technifermions should contribute to
the " parameters like normal fermions, even if they are heavy and degenerate within a doublet.









with the prediction of a one generation technicolour model with Majorana technineutrinos
and degenerate techniquarks as discussed in [118]. The model is clearly inconsistent with the
data and the agreement is made worse by allowing for more generations, a mass splitting for
the techniquarks, or a Dirac technineutrino. However technicolour models with additional
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(right) planes. The solid ellipses
represent a t to the leptonic and hadronic observables corresponding to the dashed ellipses in
gure 23. The areas labeled \SM" correspond to the Standard Model prediction and the areas
labeled \TC" to the technicolour model with Majorana technineutrinos described in [118].
For models that predict new physics on the Born level, the formalism of eective couplings






and the former deviation of R
b
, models with a Z
0
[120] or an R-parity
violating sneutrino [77] have been proposed where the new particle is almost degenerate with
the Z. Due to the dierent relative couplings of the Z and the new particle to the dierent





-values no longer need to coincide. However the agreement of
the energy dependence of the asymmetries and of R
b
with the Standard Model prediction
constrains the mass and width of the new particle to be almost identical to those of the Z [77].
Extended technicolour models also predict a heavy Z
0
. Models of this type have been built
that were able to explain the deviation in R
b
[121]. Since, however, these models are not able





obtained from dierent processes, they do not, at present,
describe the data better than the Standard Model.
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6.6 Prospects for the Future
The LEP-I analyses presented here are very close to their nal state and only a few renements
can be expected. SLD is about to nish a high statistics run which should improve their errors
by about a factor 1.5 to 2 compared to the results presented here. The decreased error on A
LR










can be explained as
a statistical uctuation. If the discrepancy cannot be explained by this, A
b
from the left-right-
forward-backward asymmetry should help to decide if the dierence is due to new physics or a
mistake in one of the measurements.
LEP is currently running at energies above the W-pair threshold. A precise measurement of
the W-mass gives access to the "
2
parameter, adding another dimension to the Standard Model
tests. In addition many models which were tested with the precision observables can also be
probed directly by discovering or excluding new particles. The heavy quark production rates
and asymmetries will be measured with a much worse precision than at LEP-I. However they




Using about 16 million Z decays at LEP and up to 300000 Z decays with polarised beams at
SLC, the b- and c-quark partial widths and forward-backward asymmetries have been measured
at the percent level or better. The quark-asymmetries at LEP are sensitive to the product of
the initial state electron and the nal state quark couplings, and are among the most sensi-





. On the contrary, the left-right-
forward-backward asymmetries measured with polarised beams at SLC and the partial widths
are sensitive to quark couplings only.
All results agree well with the predictions of the Standard Model, signicantly constraining
models of possible new physics. Especially models like technicolour, that do not decouple for
heavy new particles, need a large amount of ne tuning to stay consistent with the data. The
electroweak precision data favour a relatively light Higgs Boson, being equally consistent with
supersymmetric extensions and with a Standard Model valid up to the Planck scale.
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